ABSTRACT The doubly fed induction generator (DFIG) is the most widely applied wind turbine in practice and contains a dc-link capacitance in its back-to-back converter to deliver the generated power and to provide dc-link voltage for converters. In small-signal analysis, fluctuations in dc-link voltage can be caused by perturbations injected at the ac-terminals of DFIG system and the dc-link voltage fluctuations can affect the outputs of ac-terminals in reverse. It has been found in former publications that this dc-link dynamic behavior is able to shape the small-signal characteristics of DFIG system and influence the system stability. However, the modeling and analysis for the dc-link dynamic behavior is lacked, which makes it difficult to indicate the influencing factors of dc-link dynamics and how to suppress the negative influence of weakly-damped dc-link dynamics on the DFIG system. In this paper, the mechanism of dc-link dynamics and how dc-link dynamics affect the small-signal characteristics of DFIG system are described at first. Then, an indicator function that models the dc-link dynamic behavior is firstly defined and then obtained based on harmonic linearization method. The proposed indicator function will be applied to describe the impedance shaping effect of dc-link dynamics on DFIG system, indicate the influencing factors of dc-link dynamics and analyze the influence of weakly-damped dc-link dynamic behavior. Several experiments based on Control-hardware-in-loop (CHIL) platform will also be carried out to verify the analytical models and theoretical analysis in this paper.
I. INTRODUCTION
The doubly fed induction generator (DFIG) is the most widely applied wind turbine. Its stator connects to the ac-grid directly and its rotor generates power to the ac-grid through a back-to-back converter. Inside the back-to-back converter, a dc-link capacitance connects the dc-terminals of grid-side converter (GSC) and rotor-side converter (RSC), decouples the control of GSC and RSC and provides dc-link voltage for the PWM modulation [1] .
Due to the increasing penetration of wind power, the stability of wind farm integration is attracting a wide-spread attention. Several oscillations occurred in the DFIG based wind farms that locate in North China and in ECROT region have been reported in [2] and [3] respectively. It has been found in [4] that these oscillations in actual events are caused by the mismatch of small-signal characteristics
The associate editor coordinating the review of this manuscript and approving it for publication was Weixing Li. between the ac-grid and the DFIG system. In order to analyze these oscillations in DFIG based wind farms, impedancebased method has been applied to analytically describe the small-signal characteristics of DFIG [5] - [9] . The impedance models of DFIG are built in sequence-domain in [5] , in αβ-domain in [6] , in dq-domain in [8] and in the form of admittance in [7] . The models of DFIG wind farms are also obtained in [9] .
When modeling the impedance models of DFIG system in [5] - [9] , the dynamics of dc-link voltage controller are ignored due to its relatively small control bandwidth (10Hz or lower) and then the dc-link capacitance can be simplified as an ideal voltage source so that perturbations injected at the ac-terminals of DFIG system will not lead to the dc-link voltage fluctuations. Under this assumption, the small-signal characteristics of GSC and RSC will not be influenced by the dc-link dynamic behavior and can be simply described by the relationship between the ac-terminal voltage perturbations and ac-terminal current responses. Meanwhile, the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ characteristics of GSC and RSC are also decoupled by the simplified dc voltage source, then the impedance models of DFIG system given in [5] - [9] are equal to the parallel connection of the impedance seen from the GSC-side and the impedance seen from the stator-side. Recently, the effect of dc-link voltage control has been considered in impedance modeling of DFIG system in [10] and [11] , where the dc-link voltage fluctuations are not ignored as former analysis [5] - [9] does. The frequency coupling phenomenon as analyzed in [12] - [14] exists in DFIG system and has been considered in their impedance modeling. The refined impedance models of DFIG system are obtained and have been compared with the reduced-order models that ignore the dc-link voltage control. It has been found that the dc-link voltage control is able to shape the impedance of DFIG system and affect the system stability around the fundamental frequency.
In other small-signal modeling and analysis for the DFIG-grid interconnected system as [15] , eigenvalue-based analysis method is applied to analyze the effects of control loops on the dc-link dynamic performance in the DFIG system. However, it should be noted that the analysis in [15] is conducted in the dc-link voltage control timescale (around 100ms) and the relative fast current control (time constant is about 20ms) is ignored.
Based on existing modeling and analysis in [10] , [11] , and [15] , it can be concluded that the dc-link dynamic behavior is significant in analyzing the small-signal characteristics and guaranteeing the small-signal stability of DFIG system. However, the impedance models in [10] and [11] and the state-space model in [15] focus on the characteristics of whole DFIG system. Models and analysis for the internal dc-link dynamics are lacked, which leads to the difficulty in indicating the specific causes of weakly-damped dc-link dynamic behavior and then makes it difficult to compensate their negative influence on the DFIG system. Besides, different from the ignorance of current control in [15] , it has been pointed out in [16] that the effects of controllers in the timescale of current control and in the timescale of dc-link control may not be sufficiently separated in converter-based system. Thus, to accurately describe the dc-link dynamic behavior in the DFIG system, the effects of multiple controllers in different timescale should be considered.
Motivated by the significance of dc-link dynamics in small-signal analysis of DFIG system and the lack of accurate analytical models, this paper will firstly propose a singlein-single-out (SISO) model to quantify the dc-link dynamics in the DFIG system, which is also seen as the indicator of dc-link dynamics in the following analysis. This proposed indicator can also be applied to describe the impedance shaping effect of dc-link dynamics on DFIG system. The SISO structure of the proposed model benefits the analysis of influencing factors of dc-link dynamics. Possible causes of weakly-damped dc-link behavior can be indicated, and the compensation of negative influence on system stability that caused by weakly-damped dc-link dynamics can also be guided with the proposed models.
The rest of the following paper is organized as follows. Section II describes the mechanism of dc-link dynamics in DFIG system and extracts a closed-loop transfer function as the indicator of dc-link dynamics. Section III models the dclink dynamics based on harmonic linearization method [5] . In Section IV, analytical models of the defined indicator and the shaped DFIG impedance are obtained and validated. With the proposed indicator, Section V analyzes the influencing factors of dc-link dynamics and then analyzes the DFIG characteristics and system stability when the dc-link dynamics are weakly-damped. Experiments based on CHIL platform are also applied to verify the theoretical analysis. Finally, Section VI concludes this work.
II. BRIEF DESCRIPTION OF DC-LINK DYNAMICS AND THE INFLUENCE ON DFIG SYSTEM
Before carrying out analytical modeling of dc-link dynamics in the DFIG system, the small-signal relationship in the DFIG system is introduced briefly in this section. The mechanism of dc-link dynamics and their influence on the small-signal characteristics of DFIG system are also presented, based on which the model of dc-link dynamics is defined and will be analytically modeled in the next section.
A. SMALL-SIGNAL CHARACTERISTICS OF DFIG SYSTEM WITH DC-LINK DYNAMICS
The configuration of DFIG system is shown in Fig. 1 , where the stator of DFIG is connected to the ac-grid directly at the point of common coupling (PCC) and the rotor winding is connected to the ac-grid through a back-to-back converter. In Fig. 1 , L f , R f and C f are the filter inductance, filter resistance and filter capacitance respectively, θ r and ω r are the angle and angular speed of rotor. Symbol I represents current components, V represents voltage components, subscripts a, b and c represent components in a-, b-and c-phase, subscripts g, s, r and dc represent the components at GSC-side, statorside, rotor-side and dc-side.
In small-signal analysis, the characteristics of DFIG system can be described by the relationship between the ac-terminal voltage perturbations and current responses. When small-signal voltage perturbations are injected to the PCC of the DFIG system, corresponding responses at the stator-side, GSC-side and dc-link will be caused. A block diagram shown as Fig. 2 is used to describe how the smallsignal voltage perturbations at PCC generate these responses, where the symbol '^' means perturbing components.
Descriptions of each blocks in Fig. 2 are given as: 1) If the voltages at PCC are perturbed, the current responses at stator-side and GSC-side are both affected due to the synchronization control and current control in RSC and GSC. This relationship is described by the pink block G v2i in Fig. 2 and is unrelated to the dc-link dynamics.
2) Perturbed components in voltages and currents will both lead to dc-link power fluctuations, which is described by the yellow blocks G v2p and G i2p separately.
3) DC-link voltage fluctuations will be caused by the dclink power fluctuations, which is described by the blue block G p2dc in Fig. 2. 4) If the dc-link voltage is perturbed, it affects the output currents of GSC and RSC by modulation and dc-link voltage control, which is described by the green block G dc2i in Fig. 2 .
It can be concluded from above descriptions that, in order to balance the power fluctuations introduced by ac-terminal perturbations, fluctuations in dc-link voltage can be caused, which can affect the power fluctuations at ac-terminals as well. Therefore, an extra internal relationship inside the DFIG system is caused by dc-link dynamic behavior. This internal relationship has not been modeled in [5] - [9] due to the simplification of dc-link as ideal dc voltage source.
B. THE INFLUENCE OF DC-LINK DYNAMICS ON THE CHARACTERISTICS OF DFIG SYSTEM
In small-signal modeling, the DFIG system can be seen as a black box and its characteristics can be described by its ac-terminal models that seen from the PCC. When the models of DFIG system are shaped by the dc-link dynamic behavior, it can be seen as an additional black box added to the original one of DFIG system. According to Fig. 2 , if the dc-link dynamic behavior is ignored in small-signal analysis, the characteristics of DFIG system can be represented by the block G v2i . If not, there is an extra path for voltage perturbations to generate current responses and it can be represented by an additional block 
G extra
v2i that in parallel with block G v2i . Then, with the influence of dc-link dynamics, the shaped characteristics of DFIG system can be described by the following Fig. 3 .
In existing impedance modeling of the DFIG system, the block G v2i corresponds to the reduced-order models in [5] - [9] , while the block G extra v2i corresponds to the difference of impedance models between the refined DFIG models in [10] and [11] and the reduced-order models in [5] - [9] .
The expression of G extra v2i can be obtained from Fig. 2 as:
It should be noted that the expression in (1) is not a model of dc-link dynamic behavior, but models the influence of dclink dynamic behavior on the DFIG system impedance. It can also be seen from (1) that the influence of dc-link dynamics on the characteristics of DFIG system is complicated, even the block G v2i that is irrelevant to the dc-link dynamic behavior and corresponds to the reduced-order impedance models of DFIG system can also influence the impedance shaping effect of dc-link dynamics.
Therefore, expression in (1) is not appropriate for the analysis of dc-link dynamics due to its complexity. In order to furtherly analyze the dc-link dynamics in DFIG system, a simper model that can directly and accurately describe the dc-link dynamic behavior should be defined.
C. AN INDICATOR OF DC-LINK DYNAMICS
Before defining the model of dc-link dynamics, expression in (1) can be reconstructed into three parts. Then, Fig. 3 can be extended to the following Fig. 4 .
Descriptions of the three parts of G extra v2i are listed below. 1) The first part is how the ac-terminal perturbations are delivered to the dc-link through power fluctuations, which is expressed as G v2p + G v2i · G i2p in (1). This part is FIGURE 4. Reconstructed plot of DFIG system characteristics. VOLUME 7, 2019 determined by the system operating state and the reducedorder impedance models of DFIG system.
2) The second part is the dynamic behavior of dc-link in response to power fluctuations. It should be noted that this part is only determined by the dc-link dynamics and can be modeled by a closed-loop relationship between the dc-link power fluctuations and the dc-link voltage fluctuations. Expressions for part 2 can be solved from its detailed plot:
3) The third part is how the dc-link perturbations affect the ac-terminal currents in reverse, which is expressed as G dc2i in (1). This part is determined by the structure and control strategies of RSC and GSC.
Then, (1) can be reconstructed by above three parts as:
Based on Fig. 4 and above analysis, the closed-loop relationship between the dc-link power fluctuations and the dclink voltage fluctuations is a direct description of dc-link dynamic behavior and can be used to indicate whether the dc-link in the DFIG system can amplify or suppress the perturbations introduced by ac-terminals.
Therefore, the expression F dc in (2) can be extracted as an indicator of dc-link dynamics in the DFIG system, which can be furtherly used to evaluate the influencing factors of dc-link dynamics. Meanwhile, as given in (3), the indicator F dc also plays a significant role in determining the impedance shaping effect of dc-link dynamics on the DFIG system. It should to be noted that simplifications made in previous publications such as [5] - [9] can also be realized with F dc in (2) . If setting G p2dc in (2) to zero, the assumption that the dc-link voltage is unperturbed as ideal dc voltage source can be satisfied. Besides, the assumption that the dynamics of dc-link voltage controller will not affect the characteristics of DFIG system can be satisfied by setting G dc2i to zero.
III. ANALYTICAL MODELING OF DC-LINK DYNAMICS
In above section, an indicator of dc-link dynamics is defined as (2) and the influence of dc-link dynamics on the DFIG system is obtained as (3) . In order to obtain the analytical models of (2)- (3), analytical modeling is carried out based on harmonic linearization method. The expressions of block G v2i , blocks G v2p and G i2p , block G p2dc and block G dc2i in Fig. 2 are obtained in the following subsection A-D respectively. Different from the impedance modeling in [10] and [11] , the following modeling focuses on the dc-link dynamic behavior of the DFIG system and the corresponding model definitions are also different from theirs.
A. BRIEF REVIEW ON EXISTING IMPEDANCE MODELS OF DFIG SYSTEM THAT IGNORE DC-LINK DYNAMICS
The control diagram of DFIG system analyzed in this paper is shown as Fig. 5 , where the synchronous reference frame phase-locked loop (SRF-PLL) is used to track the angle of grid voltage at PCC, and the rotor angle detected by encoder is assumed accurate and unperturbed in this paper [5] - [12] . A dc-link voltage controller is applied in GSC to regulate the dc-link voltage, the rotor-side current reference in RSC is assumed constant due to the relatively low control bandwidth of outer power control loop [5] - [9] and [12] .
In impedance modeling of DFIG system, the positivesequence component at a given frequency f p and the negativesequence component at frequency f p − 2f 1 always coexist due to frequency coupling effect [12] - [14] , where f 1 is the fundamental frequency and is 50Hz in this paper. Then, following the same notation as given in our former publications [12] and [13] , the perturbed voltages at PCC, currents of stator-side, currents of GSC-side are defined as:
, V p and ϕ vp correspond to the magnitude and phase of voltage perturbation at frequency f p , V p2 and ϕ vp2 correspond to the magnitude and phase of voltage perturbation at frequency f p − 2f 1 . Other perturbed parameters are defined similarly. When the dc-link dynamics are ignored in impedance modeling, the model of DFIG system equals to the parallel connection of stator-side impedance model and GSC-side impedance model. The analytical model of stator-side and GSC-side are represented by the block G v2i in Fig. 2 . Considering the frequency coupling effect and the definition in (4), the following two 2 * 2 admittance matrix, Y gsc 2 * 2 and Y s 2 * 2 , are used to model how voltage perturbations generate current responses at GSC-side and stator-side through synchronization and current controllers.
where detailed expressions of Y gsc 2 * 2 and Y s 2 * 2 are given in Appendix A, and they are same as [14] and the former publication [12] respectively.
B. SMALL-SIGNAL MODELING OF DC-LINK POWER FLUCTUATIONS
In this subsection, the detailed expressions of G v2p and G i2p in Fig. 2 that describe how ac-terminal perturbations cause dc-link power fluctuations will be analytically derived.
According to Fig. 1 , the dc-link power can be expressed as:
where k represents the a-, b-or c-phase, V rk and V gk are the k-phase output voltage of RSC and GSC. By linearizing (7), the dc-link power fluctuations under small-signal perturbations can be written as:
where s = j2π(f p − f 1 ), I g1 , I r1 , V 1 and V r1 are the fundamental components of GSC current, rotor current, PCC voltage and rotor voltage respectively and * means conjugate operation.
The rotor-side variables in (8) need to be converted to stator-side variables for further modelling. The relationship between stator-side variables and rotor-side variables has been modeled in our former publication [12] . Due to the limits of space, detailed derivations are omitted in this paper.
Then, the dc-link power fluctuations in (8) can be modeled by PCC voltages, stator-side currents and GSC-side currents:
where s = j2π(f p − f 1 ), and the detailed expressions of g 1 ∼ g 6 are given in Appendix B.
C. SMALL-SIGNAL MODELING OF DC-LINK VOLTAGE FLUCTUATIONS
In this subsection, detailed expressions of G p2dc in Fig. 2 that describe the relationship between dc-link power fluctuations and voltage fluctuations will be analytically derived. The dc-link power can be expressed by dc-link voltage as:
where C dc is the dc-link capacitance. Linearizing (10), the expression of G p2dc in Fig. 2 satisfies:
where s = j2π(f p − f 1 ) and V dc0 is the reference value of dc-link voltage.
Then, by substituting (9) into (11), the dc-link voltage fluctuations at the frequency f p − f 1 can be modeled as:
D. SMALL-SIGNAL MODELING OF THE INFLUENCE OF DC-LINK DYNAMICS
In this subsection, the detailed expressions of G dc2i in Fig. 2 that describe the influence of the dc-link dynamics on GSCside and stator-side currents will be analytically derived.
In the DFIG system, the dc-link provides dc-link voltage for the PWM modulation of GSC and RSC. The relationship between modulating signals and output voltages of GSC and RSC can be written as:
where the expression K gm and K rm are used to model the modulating gain and delays of GSC and RSC as given in [12] . By linearizing (13) and (14), in the frequency domain, the components of GSC and RSC output voltages satisfy:
For RSC, dc-link voltage fluctuation affects the output voltage through modulation, while the small-signal components of RSC modulation signals are irrelevant to dc-link dynamics. For GSC, dc-link dynamics can also affect the GSC-side currents through dc-link voltage control. Then, perturbed component of GSC-side current reference in d-axis can be written as:
where H v (s) is the transfer function of dc voltage controller. After modelling the control effect of GSC and RSC according to Fig. 5 , the dc-link voltage fluctuations can lead to extra perturbed current components of both GSC-side and statorside as:
where the detailed expressions of A 2 * 1 and B 2 * 1 are given in Appendix C.
IV. ANALYTICAL MODELS OF DFIG SYSTEM AND CHIL EXPERIMENTS VALIDATION
In this section, analytical models of dc-link dynamics in (2) and the shaped models of DFIG system in (3) will be obtained and validated by CHIL experiments.
A. DC-LINK DYNAMICS IN THE DFIG SYSTEM
In previous section, the analytical models for block G v2i in Fig. 2 Fig. 2 are solved as g 1 ∼ g 6 in (9), expression for block G p2dc in Fig. 2 is derived in (11) , and the G dc2i in Fig. 2 are solved as A 2 * 1 in (18) and B 2 * 1 in (19).
According to Fig. 1 , the DFIG system currents can be obtained by summing the GSC-side and stator-side currents. Then, by substituting each blocks in Fig. 2 with detailed analytical models given before, Fig. 2 can be extended as following Fig. 6 , which shows the small-signal relationships between the voltage perturbations and current responses with the considerations of dc-link dynamics in DFIG system. In Fig. 6 , the relationship between voltage perturbations and current responses in small-signal modeling are divided into two categories. One is independent of dc-link dynamics and determined by the synchronization control and decoupled current control in RSC and GSC. It is named as the original path and is represented by black arrows. The other is related to the extra internal relationship caused by dc-link dynamics, which is defined in (1) and is presented by red arrows.
B. ANALYTICAL MODELS OF DC-LINK DYNAMICS AND ITS INFLUENCE ON DFIG SYSTEM
According to the model definition in (2) and Fig. 6 , detailed expressions of the indicator function F dc can be calculated as:
Similarly, according to the model definition in (3), analytical models that describe the influence of dc-link dynamics on DFIG system can be obtained from Fig. 6 
C. MODEL VALIDATION BY CHIL EXPERIMENTS
Experiments based on CHIL platform are carried out to validate the analytical models of DFIG system. Introductions about the principle and procedure to scan impedances based on CHIL experiments are given in [17] . In the following, the model of DFIG system is developed in RTLAB and runs on OP5600 and OP5607 with the time step of 1us. Controllers of DFIG are implemented in a TMS320F28335 DSP+FPGA control board and the sampling frequency is set as 5kHz. The picture of the CHIL platform is given in Fig. 7 . A 1.5MW DFIG system that operates at unit power factor is used, its parameters come from a real wind generator and are listed in Table 1 . Coefficients of controllers in the DFIG system are selected according to the control bandwidths. The transfer function of dc-link voltage controller is given in (24) and its control bandwidth is 10Hz. The control bandwidth of PLL is 19 Hz, with its transfer functions shown as (25). The control bandwidths of GSC and RSC current controllers are 
The measurements of CHIL experiments and the analytical models of DFIG system in (23) are plotted in Fig. 8 . To demonstrate the influence of dc-link dynamics on DFIG system, models in (22) are also plotted as a contrast.
According to Fig. 8 , following conclusions can be reached:
1) The analytical models of DFIG system that shaped by dc-link dynamics in (23) match the CHIL experiment measurements well. Thus, the derived models can accurately describe the influence of dc-link dynamics on DFIG system.
2) Characteristics of the four elements in DFIG analytical models (22) (plotted by solid lines) and (23) (plotted by dashed lines) are different, especially in the relative low frequency range. This difference means the characteristics of DFIG system are not accurately described if the dc-link dynamics are ignored.
3) 
V. INFLUENCING FACTORS DC-LINK DYNAMICS AND THE INFLUENCE ON DFIG SYSTEM
In above modeling and analysis, an indicator F dc (s) defined in (2) and obtained in (20) is used to evaluate the dc-link dynamic behavior in the DFIG system. In order to indicate the possible causes of weakly-damped dc-link dynamics and the corresponding influence on the DFIG system, the proposed model F dc (s) is applied to analyze the influencing factors of dc-link dynamics in this section.
A. EFFECT OF CONTROLLERS ON DC-LINK DYNAMICS
As shown in Fig. 8 , the influence of dc-link dynamics on DFIG system are more significant in relative low frequency range. Thus, the expression of F dc (s) in (20) can be simplified by ignoring the sampling and modulating delay. Then, the simplified indicator F dc (s) can be written as:
where K e is the turns ratio, R s , R r , L ls and L lr are stator resistance, rotor resistance, stator leakage and rotor leakage respectively. Since there is slip frequency between the stator side and the rotor side, the transfer function σ p (s) is applied to implement the frequency conversion as conducted in [12] .
It can be seen from to (28) that the indicator of dc-link dynamics is determined by the control effect of multiple controllers. As given in (28), the reciprocal of the indicator F dc (s) is described by the sum of four parts: 1) the first part is related to the dc-link capacitance, 2) the second part is related VOLUME 7, 2019 to the cascaded dc-link voltage control and GSC-side current control, 3) the third part is related to the modulation of GSC, 4) the fourth part is related to the modulation of RSC.
Since the dc-link dynamics are evaluated by the indicator F dc (s), the larger magnitude of 1/F dc (s) corresponds to better suppression of dc-link dynamic behavior. The magnitude characteristics for 1/F dc (s) in (28) and its four parts are plotted in Fig. 9 , where the DFIG system operates at sub-synchronous state and its output power is 0.32pu. Other parameters are kept the same as Table 1 and (24)-(27). From Fig. 9 , it can be seen that around the fundamental frequency, the part 2 dominates the magnitude of 1/F dc (s). When the frequency increases, the magnitude of part 1 surpasses the part 2 and dominates the magnitude of 1/F dc (s). In the whole analyzed frequency range, the third part and the fourth part are much smaller than the other two parts.
Therefore, the characteristics of dc-link dynamics are dominated by the first two parts as given in (28), which correspond to the dc-link capacitance and the cascaded dc-link voltage control and GSC-side current control. The effect of other controllers such as the current control in RSC-side are less significant in influencing the dc-link dynamics.
B. INFLUENCING FACTORS OF DC-LINK DYNAMICS
As concluded in above subsection, the dc-link dynamics are dominated by the dc-link capacitance and the effect of cascaded dc-link voltage control and GSC-side current control. In this subsection, the detailed influencing factors of dc-link dynamics will be furtherly analyzed based on the expression of the first two parts given in (28).
Since the indicator function F dc (s) models the closed-loop relationship between dc-link power and dc-link voltage fluctuations, the influencing ability of different parameters on the dc-link dynamic behavior can be analyzed by the pole plots of F dc (s), which can be obtained by solving the zeros of the first two parts of (28).
In the following, four parameters of the first two parts in (28) are chosen to analyze their influence on the dc-link dynamics. The gain coefficient of GSC current controller, the integrator coefficient of GSC current controller and the gain coefficient of dc-link voltage controller are changed from 0.2pu to 1.2pu of the base value given in (24) and (26). The dc-link capacitance is changed from the 0.33pu to 2.0pu of the base value given in Table 1 . During the changes, the DFIG system operates the same as in Fig. 9 , and other parameters are kept the same as Table 1 and (24)-(27). The pole plots of F dc (s) are given in Fig. 10 and the corresponding characteristics of the indicator F dc (s) are plotted in Fig. 11 .
In Fig. 10(a) , the control bandwidth of GSC current controller decreases from 270Hz to 110Hz when the gain coefficient of GSC current controller k gip decreases from 1.2pu to 0.2pu. When k gip = 0.45, one pair of poles is (−34.89, ±j77.3 * 2π), and the corresponding damping ratio is smaller than 0.1, which means that the dc-link dynamics are weaklydamped at the frequency range around this pair of poles. This accords with Fig. 11(a) that the magnitude of F dc (s) comes to its peak value at frequency around 127Hz (fundamental 50Hz plus 77Hz of the poles). In Fig. 10(a), when k gip increases,   FIGURE 11 . Magnitude of F dc (s) when different parameters change. the poles of F dc (s) become farther from the imagine axis, the corresponding damping ratio increases to 1.0, and the characteristics of F dc (s) in Fig. 11(a) changes more gently.
In Fig. 10(b) , when the integrator coefficient of GSC current controller k gii changes, the control bandwidth of GSC current controller seldom changes, the poles of F dc (s) move a little and the magnitude of F dc (s) in Fig. 11(b) almost stays the same, meaning that the integrator coefficient of GSC current controller has limited influence on dc-link dynamics.
In Fig. 10(c) , when the gain coefficient of dc-link voltage controller k vp increases from 0.2pu to1.2pu, the control bandwidth of dc-link voltage controller increases from 3Hz to 12Hz, and one pair poles of F dc (s) moves from the real axis to the position that corresponds to a damping ratio of 0.9. In Fig. 11(c) , the magnitude of F dc (s) becomes larger around the fundamental frequency when k vp increases.
In Fig. 10(d) , when the dc-link capacitance decreases, one pair poles of F dc (s) comes to the real axis and then one pole comes closer to the imagine axis. In Fig. 11(d) , the magnitude of F dc (s) becomes larger when C dc decreases.
Therefore, conclusions about the influencing factors of dc-link dynamics can be reached:
1) The proposed indicator F dc (s) proves to be effective in determining the influencing factors of dc-link dynamics. Apart from the gain coefficient of dc-link voltage controller and the dc-link capacitance, the gain coefficient of GSC current controller is also found to be a significant influencing factor of dc-link dynamics.
2) The indicator F dc (s) and its pole plots also provide a practical tool to analyze the dc-link dynamics in system analysis. To avoid the weakly-damped dc-link dynamic behavior in DFIG system, the larger gain coefficient of GSC current controller, smaller gain coefficient of dc-link voltage controller and larger dc-link capacitance are preferred.
3) With the indicator F dc (s), the effects of multiple controllers in multiple timescale are found to be significant in describing the dc-link dynamics. The ignorance of current control due its relative fast timescale can lead to the improper description of dc-link dynamic behavior since the gain coefficient of GSC current controller is also a key influencing factor of dc-link dynamics.
C. INFLUENCE OF DC-LINK DYNAMICS ON DFIG SYSTEM-A CASE STUDY
Based on the analysis in former subsections, the gain coefficient of GSC current controller, the gain coefficient of dc-link voltage controller and the dc-link capacitance are the significant influencing factors of dc-link dynamics. It is intuitive that decreasing the gain of dc-link voltage controller and increasing the dc-link capacitance can damp the dc-link dynamics better in the DFIG system, but the influence of GSC current controller needs further analysis.
Therefore, in this subsection, the influence of dc-link dynamics on the DFIG system impedance and on the system stability is analyzed with choosing the varying k gip as an example.
Due to frequency coupling effect, the small-signal models of DFIG system are modeled by a 2 * 2 admittance matrix in (23). Compared with the SISO impedance models, the multi-in-multi-out matrix model as (23) is less convenient to present the influence of dc-link dynamics on DFIG system characteristics. Therefore, following equivalent conversion as used in [10] can be applied to (23) to obtain the equivalent positive-sequence impedance model. It should be noted that the condition of this equivalent conversion is to keep current responses at the PCC of the DFIG-grid interconnected system unchanged. are defined as the impedances of ac-grid at frequency f p and f p − 2f 1 respectively.
As shown in Fig. 10 and Fig. 11 , the characteristics of F dc (s) is strongly influenced by changing the influencing factor k gip . Since the impedance shaping effect of dc-link dynamics is modeled with the indicator F dc (s) as given in (21), the impedance of DFIG system can also be shaped if the dc-link dynamics are affected by changing the k gip .
In Fig. 12 , the equivalent positive-sequence impedance models of DFIG system are plotted when changing the k gip from 2.25 to 0.45. The grid inductance L g is chosen as 0.77mH to set the SCR of the studied system as 4.0, the DFIG system operates the same as in Fig. 9 and other parameters stay the same as Table 1 and (24)-(27).
From Fig. 12 , it can be found that when k gip decreases to 0.45, the impedance shaping effect of dc-link dynamics on DFIG becomes more significantly. It should be noted that even the control bandwidth of dc-link voltage controller is kept as 10Hz, the impedance shaping effect of dc-link dynamics is still significant above the frequency that corresponds to its control bandwidth, especially in the frequency range between 100Hz and 200Hz.
This phenomenon accords with the Fig. 11(a) , in which the indicator F dc (s) reaches its peak value around the frequency where its closed-loop poles locate, specifically 127Hz in this case. Therefore, if the dc-link dynamics is weakly-damped at a given frequency range, the impedance of DFIG system will be significantly shaped by the dc-link dynamics in the same frequency range.
Besides the above-mentioned influence on the impedance of DFIG system, the small-signal stability of DFIG system can also be affected by the weakly-damped dc-link dynamics. With all parameters and operating states unchanged as in Fig. 12, Fig. 13 shows the Nyquist plot of the DFIG-grid interconnected system when k gip equals 0.45. It can be seen in Fig. 13 that one locus encircles the (−1, j0) point. At 18Hz and 82Hz, the distance between the loci and the (−1, j0) point is minimum, which indicates that the system is unstable and the frequency of oscillations is 18Hz and 82Hz.
CHIL experiments are carried out to verify whether the above prediction about DFIG system stability is correct. When changing k gip from 2.25 to 0.45, the dc-link voltage and currents of DFIG system are shown in Fig. 14 . When k gip decreases to 0.45, oscillations in PCC currents and dc-link voltage are caused, the magnitude of waveforms increases very fast over time and the system becomes unstable immediately. The oscillation frequency of dc-link voltage is about 32Hz (the frequency difference between fundamental frequency and 18/82Hz). This CHIL experiment shows that the DFIG system tends to be unstable when k gip decreases, which accords with the theoretical analysis given before.
Therefore, based on above analysis, if the gain coefficient of GSC current controller k gip is not designed properly, it can lead to the weakly-damped dc-link dynamics even above the control bandwidth of dc-link voltage controller and the weakly-damped dc-link dynamics can become the possible cause that deteriorates the system stability.
Besides, the above finding proves that the ignorance of current control as in [15] and the declaration that the dc-link dynamics only shapes the impedance of DFIG system around the fundamental frequency in [10] and [11] may not be proper in some cases. It also emphasizes the significance of considering the effects of multiple controllers in different timescale when analyzing the dc-link dynamics in DFIG system.
VI. CONCLUSION
This paper analyzed the dc-link dynamics in DFIG system with a firstly proposed SISO indicator function F dc (s). This indicator function accurately describes the dc-link dynamic behavior in the system, and has been applied to indicate the possible causes of weakly-damped dc-link dynamics and to analyze their negative influence on the DFIG system. The effects of multiple controllers in multiple timescale are found to be important in analyzing the dc-link dynamics and their influence on the DFIG system. Experiments based on CHIL platform have been carried out to verify the derived analytical models and theoretical analysis.
Contributions about the dc-link dynamics in DFIG system can be list as:
1) The pole plots of F dc (s) can be used to indicate the influencing factors of dc-link dynamics and the magnitude of F dc (s) can be used to evaluate the influencing frequency range of dc-link dynamics on the DFIG system. Thus, the proposed indicator function F dc (s) can be applied as a tool to guide the analysis and compensation of the weakly-damped dc-link dynamics in DFIG system.
2) Based on the proposed indicator F dc (s), the dc-link dynamics are found to be dominated by the dc-link capacitance and the control effect of cascaded dc-link voltage controller and GSC-side current controller. The effect of other controllers on the dc-link dynamics such as the RSC-side current controller is less significant.
3) Apart from the gain coefficient of dc-link voltage controller and the dc-link capacitance, the gain coefficient of GSC current controller also proves to be a significant influencing factor of dc-link dynamics. The larger gain coefficient of GSC current controller, smaller gain coefficient of dc-link voltage controller and larger dc-link capacitance will benefit the damping dc-link dynamics and the stable operation of DFIG system. Detailed expression of g 1 ∼g 6 in (9) can be written as: 
where the expression D 1 and D 2 in (39) satisfy the following relationships.
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